A group of medical students were taught to perform a tube thoracostomy on a mannequin simulator in a traditional medical school setting and demonstrate competency in that environment. Immediately afterward and again four months later, they performed the procedure in a CAVE virtual environment running a combat simulation under day and nighttime lighting conditions. The results showed that accuracy suffered in the simulation. Participants also needed more time to perform the procedures under the nighttime conditions. Further, performance did not change over the retention interval. The results suggest that although the surgical skills acquired by students in a traditional medical school setting are robust, they may still be compromised under hazardous conditions. More important, these findings show that virtual environments can provide a safe and effective venue for military medical personnel to train for dangerous duty.
INTRODUCTION
Simulators have been a standard component of military training for many years in a variety of contexts including aviation, ground operations, weapons training, and decision making in command and control operations. Simulation-based training has been an essential part of combat preparations to give our men and women in uniform the competitive advantage. Unfortunately, the availability of simulators to train those who must care for the wounded has been virtually nonexistent. Recently, however, several mannequinbased and virtual reality-based medical simulators have reached a level of sophistication allowing them to be included in medical school curricula (Dawson, 2002; Satava, 2001; Scerbo, 2006) . Although many of these simulators address important fundamental medical procedures (i.e., airway management), they were not developed to address the unique requirements of combat casualty care. Consequently, military medical personnel who have been in war often acknowledge that the training they receive in traditional medical school contexts does not always transfer to combat situations (Miller, 2003) . Scerbo et al. (2004) note that simulation training can provide many advantages including controlled environments, immediate feedback regarding performance and the opportunity to practice or acquire skills under unique or rare conditions. Perhaps the most important advantage of simulation-based training is that it permits one to train under conditions that would be too dangerous in actual operational settings. Moreover, virtual environments have been shown to be effective media for training other dangerous jobs such as the dismounted soldier (Knerr et al., 1998) and military checkpoint guards (Catanzaro et al., 2003) . Although this represents a standard use of simulation for training in the military, it has been largely overlooked in the medical arena. Toward this end, the goal of the present study was to examine the performance of emergency surgical skills in a virtual environment (VE) under simulated combat conditions. Specifically, the study was designed to determine the extent to which surgical skills acquired in a traditional medical school setting might be compromised in a simulated combat scenario.
Medical students were taught an emergency surgical procedure and then performed the procedure in a CAVE virtual environment under simulated combat conditions including visual and auditory depictions of munitions fire, gunfire, and a virtual sniper who shot at the participants. They performed the procedure under both day and nighttime lighting conditions. Two lighting conditions were included to enhance the realism of working under different levels of workload and stress. Specifically, the nighttime condition was included because the conditions for visibility might be variable in a military combat situation. The students were assessed immediately after learning the procedure and then again four months later. It was expected that performance would suffer in the simulation and more so under the night conditions. Further, these deficits were expected to be greater after the four-month interval.
METHOD Participants
Fifteen medical students (6 males and 9 females) from the Eastern Virginia Medical School in Norfolk, VA participated in the study. All students were in their second or third year of training and had no prior experience with the thoracostomy procedure or the simulators used in this study. The participants received compensation for their time.
Virtual Environment Combat Simulation
The combat scenario was presented in a CAVE Automatic Virtual Environment. The system consists of two computers connected through a 100-mbps network switch. A 4-pipe SGI® ONYX® 2 computer was used for the display and to provide the sound. This computer used MultiGenParadigm's Vega software running on the IRIX® 6.5 operating system. The second computer was an SGI® O2 and served as the main console to launch the application. The images were presented with a resolution of 1024x768 on three 10x10 ft walls. In addition, a barricade of boxes was created within the CAVE. A modified Radio Shack invisible beam entry alert system was fixed to the top of the boxes about 3 ft above the ground. This sensor detects when the trainee's head is above the safe cover of the barricade and signals the virtual sniper to engage (see below).
The combat simulation depicted a small town under fire with one building in flames. Combat was simulated using the VEGA special effects module to trigger visual and auditory explosion events and background gunfire at specific times. The events were timed to repeat at specific intervals and the entire scenario ran in a continuous loop until the participant finished the procedure.
The audio track was created with sound samples from unrestricted sources on the internet. Vocal utterances were monophonic and sampled at a 22.1 kHz. Background and other supplemental audio sounds included gunfire, explosions, machine gun fire, and some M1 tank fire. The audio files were presented over two channels with left and right speakers placed at approximately 45 and 315 degrees relative to the participant, respectively. The speakers were mounted on speaker stands at an elevation of approximately five feet. None of the audio sounds exceeded 90dB during the session.
Day and nighttime conditions were created using different settings of the time-of-day feature in the VEGA software. The daytime conditions produced enough ambient illumination from the CAVE walls to make the barricade, mannequin, and instruments easily visible. Under the nighttime conditions, however, very little illumination was provided by the CAVE walls forcing the participants to perform the procedure in almost total darkness except for occasional explosions that provided temporary increases in illumination.
Procedure
All students received a didactic session covering the fundamentals of tube thoracostomy (chest tube insertion). This procedure requires the surgeon to make a 1-2 cm incision in the skin near the pectoralis major muscle, puncture the pleural space, and guide a tube into the opened pleural space to permit drainage of fluid. Participants were then instructed to perform the procedure on the TraumaMan® System mannequin (Simulab, Inc., Seattle, WA) used throughout the world for surgery education and approved for the Advanced Trauma Life Support® (ATLS) Surgical Skills Practicum by the American College of Surgeons. The mannequin is a realistic anatomical model of the neck, chest, and abdomen containing latex replaceable tissue components and fluid reservoirs. Students worked in teams of two and were allowed approximately 90 minutes of practice under the supervision of an attending surgeon qualified to teach ATLS®. After training, each student was required to perform a successful procedure in less than two minutes with good tube placement (as determined by the surgeon) to move on to the simulation session. Tube placements were rated as good, adequate, or poor for topographical location, angulation, and final tube position. All participants met these criteria.
For the initial test session, participants reported to the CAVE facility within two hours of training. All participants were tested individually. The participants were told to play the role of an Army medic with a team of soldiers under fire and that they needed to get to the patient and perform the procedure as quickly as possible. Each trial began with the participant standing at a point marked on the floor. They were told to listen for a call for a medic and start as soon as they heard the call. They were also told not to assess the need for the procedure or to anesthetize the patient. When they finished, they were told to return to the starting mark on the floor.
In addition, they were warned of a sniper in one of the nearby buildings. They were told to take cover behind the barricade because the sniper would shoot to kill if he got them in his sights. If they were fired upon, they would hear a loud rifle shot. If the sniper missed, a message was played that warned them to "Get down." If they were killed, they would hear the phrase, "Hasta la vista, baby." Although at that point they were considered dead, they were told to finish the procedure. Each participant performed the procedure twice: once under daylight and once under nighttime conditions (order of conditions was counterbalanced across participants). Four months later, the participants were contacted to come back and perform a second test, again under day and night conditions.
RESULTS
Because not all of the participants returned for the second test session, data were analyzed for the 11 participants who completed both test sessions. A mixed 2 (day/night condition) x 2 (immediate/long-term retention interval) x order (night-day/day-night) ANOVA was performed on the completion time data. The first two variables were manipulated within subjects and the order of conditions was manipulated between subjects. Mean completion times were well under the 2-min training criterion (see Table 1 ). A main effect of The accuracy of the tube placements was rated using the same criteria as in the training session. The proportions of tube placements rated "Good" are shown in Table 2 . Because all of the students had to obtain "Good" ratings on the procedure prior to participating in the experiment, one-tail t-tests were used to examine the deviations from the expected proportion of 1.00. There was a significant decline in the quality of the tube placements under both lighting conditions for the immediate retention test (p < .025). There was no significant difference between long-term test and the expected proportion or between the immediate and long-term test (p > .05). There were also several instances in which participants were "killed" by the virtual sniper. Most of the participants who were killed were shot during the first test session (3 during nighttime conditions and 2 during daylight conditions) versus the second session (1 under day conditions). Although six participants were fired upon in the long-term retention condition, only one participant was killed. If the scores from the participants who were killed are removed and the data reanalyzed for those who "survived", none of the findings reach statistical significance; however, the overall pattern of results for lighting conditions and retention intervals remains the same except for a 5-sec increase in overall completions times. This finding suggests that the faster performers were more vulnerable.
DISCUSSION
The primary goal of the present study was to examine how training in a typical medical school environment would generalize to simulated combat conditions in a VE. The findings were mixed. On one hand, the results for completion times were encouraging. The participants were fairly efficient at performing the procedure. Overall, the mean times to complete the procedure were 84 and 81 sec for the immediate and long-term retention conditions, respectively. Both of these times were well below the two-minute criterion established for their practice session. As expected, the completion times were affected by lighting conditions. Specifically, the participants took 11 sec longer on average to perform the procedure under nighttime conditions. It is also important to note that when participants were tested four months later, their completion times were not significantly longer than those from their initial session. In fact, they were slightly shorter. These results suggest that participants were indeed able to retain the skills necessary to perform the thoracostomy procedure over a four-month interval and that their performances had become stable.
Conversely, the quality of the procedures performed suffered under the simulated combat conditions. There were significantly fewer tube placements rated "Good" in the immediate retention condition. Although the accuracy levels were better in the long-term retention condition, there were still tube placements not rated "Good" and therefore below what was achieved during initial training in a typical medical school setting.
It is important to note that these results may present an optimistic picture of performance. There were seven instances in which the participants failed to heed the warning shot and were "killed" before they could complete the procedure. Although participants were asked to continue with the procedure after having been shot in this simulation, under genuine circumstances they might have been killed themselves. A finding such as this is indeed troubling because it suggests a potential loss of critical medical personnel in addition to jeopardizing the safety of the patient. Also, there was some evidence that the faster performers were more susceptible to sniper fire. Further, these results suggest the possibility of attentional narrowing. Research has shown that under stressful conditions, even well trained individuals can fixate on a particular stimulus or strategy to the exclusion of other potentially relevant information . Thus, it is possible that even the levels of stress created by this simulated combat conditions caused some participants to engage in inappropriate and potentially dangerous behavior that would likely be exacerbated under genuine combat conditions.
To our knowledge, the present study represents the first time that performance with a standard mannequin-based medical simulator has been studied within a fully immersive VE. From this perspective, our results show that VEs can be a valuable tool for military medical training because they provide a rich context in which to examine performance. Moreover, VEs provide a safe environment for studying performance under simulated hazardous conditions. Virtual environments open up the possibility of examining a wider variety of medical procedures performed under an unlimited number of conditions.
